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Abstract—The ability to move and hover has made rotary-
wing Unmanned Aerial Vehicles (UAVs) excellent platforms to
act as Flying Communications Relays (FCR). The problem is the
limited amount of time that these UAVs can remain in the air, as
they usually depend on batteries that can be drained quickly. In
this letter we propose Energy-aware RElay Positioning (EREP),
an algorithm for positioning the FCR taking into account its
energy consumption. The EREP algorithm is evaluated using
simulations. The obtained results show significant gains in the
FCR lifetime.
Index Terms—Unmanned Aerial Vehicles, Flying Networks,
Aerial Networks, Relay Positioning, UAV trajectory, Energy-
aware.
I. INTRODUCTION
In recent years there has been an increase in the usage of
Unmanned Aerial Vehicles (UAVs) for a myriad of applica-
tions [1]. Their capability to operate almost everywhere, the
ability to hover, and their increasing capacity to carry cargo
on board make UAVs excellent platforms to act as Flying
Communications Relays (FCRs). This reality has prompted
the interest in using Flying Networks to establish and reinforce
communications and enable broadband Internet access in tem-
porary crowded events [2][3]. However, flying networks have
inherent challenges regarding the positioning of the UAVs, in
order to meet the Quality of Service (QoS) expected by the
users. The FCRs play a crucial role in the flying network, as
they are the communications nodes responsible for forwarding
the traffic to/from the Internet, as depicted in Fig. 1.
Another aspect that is relevant when referring to flying
networks is the UAV lifetime. As the UAVs are not connected
to the electrical grid, they rely on their onboard battery,
thus limiting the network endurance [4]. The problem is
exacerbated if the UAV plays the role of FCR UAV, especially
in a flying network composed of a single FCR. The available
energy at the FCR UAV directly affects the QoS of the overall
network. If the FCR UAV becomes unavailable due to energy
shortage, the rest of the network will be unable to connect to
the Internet.
Herein, we assume that the UAVs composing the network
are divided into two categories: Flying Access Points (FAPs)
and FCR UAVs. Although solutions have been proposed to
address the positioning of FAPs [3] and UAVs acting as
relays between ground nodes [5], most of the works have
focused on communications performance issues, neglecting
the UAV power consumption. In [6], a traffic-aware gateway
positioning algorithm for flying networks with controlled
H. Rodrigues, A. Coelho, M. Ricardo, and R. Campos are
with INESC TEC and Universidade do Porto, Porto, Portugal
(e-mails: hugo.d.rodrigues@inesctec.pt; andre.f.coelho@inesctec.pt;
manuel.ricardo@inesctec.pt; rui.l.campos@inesctec.pt).
Fig. 1: Flying Network providing Internet connectivity to the
users in a music festival. The FCR UAV is circled in red.
topology is proposed. The proposed algorithm considers the
traffic generated by each of the FAPs to define the position
of the FCR, which acts as a flying gateway between the
FAPs and the Internet. However, the positioning algorithm
neglects the energy consumption issue. In [7], it is shown that
the power consumption for rotary-wing UAVs does not have
a uniform behaviour: the power consumption for low speed
values is lower than the power consumption for hovering and
it becomes higher as the speed increases. Therefore, hovering
is not the most power-efficient UAV state. In [8], the power-
aware deployment of a UAV is studied, considering flight
dynamics and QoS guarantees for the users being served. Still,
the work is focused on the influence of the altitude, hardware
components, and payload weight in the power consumption,
considering the UAV is hovering.
The main contribution of this letter is the Energy-aware
RElay Positioning algorithm (EREP) for flying networks with
controlled topology. Building upon the conclusion that hov-
ering is not the most power-efficient state, EREP defines
the trajectory and speed of a rotary-wing FCR UAV that
minimizes its energy consumption, without compromising the
QoS offered by the network. EREP represents a step forward
with respect to [6], which defines the optimal positioning of
an FCR UAV without considering the energy consumption of
the UAV.
The rest of this letter is organized as follows. II presents
the system model and formulates the problem. III presents
the EREP algorithm. IV presents the evaluation of the EREP
algorithm using simulations. Finally, V points out the main
conclusions and directions for future work.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We assume that two types of UAVs compose the flying
network: 1) FAPs, which provide Internet access to ground
nodes; 2) a single FCR UAV, which forwards the traffic to/from
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2the Internet. The FAPs positions are assumed to be defined
by a state of the art FAP positioning algorithm, such as the
centralized algorithm proposed in [3]. The FAP positioning
algorithm is assumed to run on a Central Station (CS). The
CS periodically determines the coordinates of the FAPs based
on the traffic demand of the ground nodes, which is collected
by the FAPs themselves and transmitted to the CS. The FCR
UAV positioning is defined by the CS considering the current
FAPs’ coordinates and traffic demand. Finally, the CS is in
charge of sending the updated positions to both the FAPs and
FCR UAV, which position themselves accordingly.
In the following, we formulate the problem addressed in this
letter. To calculate the received power, as there is Line-of-Sight
(LoS) between the FCR UAV and the FAPs, the Free-Space
Path Loss Model presented in (1) is considered.
Pr
Pt
=
[
λ
4pid
]2
(1)
In (1), Pr stands for the power received at the FCR UAV,
Pt is the transmission power of each FAP, the wavelength
λ is equal to c/f , where c is the speed of light in vacuum
and f is the carrier frequency, and d represents the distance
between the transmitter and receiver UAVs. We assume that the
maximum channel capacity is equal to the data rate associated
to the Modulation and Coding Scheme (MCS) index selected
by the nodes. Each MCS index requires a minimum value
of SNR = Pr/N0, which is derived from Pr considering a
constant noise power N0. The wireless medium is shared, so
we assume that every UAV can listen to the other UAVs. For
Medium Access Control (MAC) the Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA) is employed.
The power consumed by the UAV for its propulsion is
defined in [7] as having three components: 1) blade profile,
which is the power required to overcome the profile drag of the
blades; 2) induced, which is required to overcome the induced
drag of the blades and; 3) parasite, required to overcome
the fuselage drag. The equation for calculating the power P
consumed by the UAV while moving at speed V is given in
(2).
P (V ) =Pb
(
1 +
3V 2
U2tip
)
+ Pind
(√
1 +
V 4
4v40
− V
2
2v20
)3/2
+
1
2
d0ρsAV
3
(2)
In (2), the first addend represents the blade profile com-
ponent, where Pb is a constant representing the blade profile
power in hovering state, and Utip denotes the tip speed of the
rotor blade. The second addend represents the induced power
component, where Pind is a constant representing the induced
power in hovering state, and v0 is the mean rotor induced
velocity in hovering state. The third addend represents the
parasite component, where d0 is the fuselage drag ratio, s
represents the rotor solidity, ρ denotes the air density, and
A represents the rotor disc area. These parameters can be
obtained from the UAV specifications, with the exception of
Fig. 2: Propulsion power consumption versus UAV speed V
[7].
ρ, whose value depends on the environment. The analysis of
Eq. (2) made in [7] shows that there is a range of UAV speeds
V for which the power consumed by the UAV is lower than
the power consumed for hovering. This behavior is depicted
in Fig. 2.
In our problem, the flying network is modeled as a directed
graph G = (U,L) where U = {UAV0, ..., UAVN−1} is the
set of UAVs i positioned at Qi = (xi, yi, zi) and L ⊆ U × U
is the set of directional links between UAVs i and j, with
(i, j) ∈ L and i, j ∈ U .
Let us assume that each UAVi i ∈ {1, ..., N −1}, performs
the role of FAP and transmits a traffic flow F0,i towards UAV0,
which performs the role of FCR UAV. In this sense, we have
a tree T (U,LT ) that is a subgraph of G, where LT ⊂ L is the
set of direct links between each UAVi and UAV0. This tree
defines the flying network active topology, which is composed
of single-hop paths.
We aim at determining the trajectory Q0(t) =
[x0(t), y0(t), z0(t)] of UAV0, to be completed at a velocity
up to Vmax, such that the power P0(t) consumed by the
UAV0 is minimal and the transfer of all traffic flows F0,i with
bitrate Ti, in bit/s, is guaranteed. We also have to guarantee
that the throughput Ri(t) is not higher than the offered Ti.
Our objective function is defined in (3a).
minimize
∫ t
0
P0(t)dt (3a)
subject to:
dQ0(t)
dt
≤ Vmax (3b)
Q0(t) 6= (xi, yi, zi), i ∈ {1, ..., N − 1} (3c)
Ri(t) ≤ Ti, i ∈ {1, ..., N − 1} (3d)
Ti > 0, i ∈ {1, ..., N − 1} (3e)
zi ≥ 0, i ∈ {0, ..., N − 1} (3f)
(0, i), (i, 0) ∈ LT , i ∈ {1, ..., N − 1} (3g)
III. ENERGY-AWARE RELAY POSITIONING ALGORITHM
As mentioned above, there is a range of UAV speeds
wherein the UAV consumes less power than when it is hov-
ering. This assumption is the basic principle for the Energy-
aware RElay Positioning (EREP) algorithm proposed herein.
The EREP algorithm is built upon the GWP algorithm pro-
posed in [6]. GWP takes advantage of the knowledge of the
3FAPs positions and traffic demands, provided by a state of
the art FAP positioning algorithm such as the one presented
in [3]. Then, it defines the position of the FCR UAV (named
GW UAV) that maximizes the aggregated throughput between
the FAPs and the FCR UAV. The EREP algorithm improves
the GWP algorithm by considering the power consumption
of the FCR UAV. Instead of hovering in the optimal position
defined by the GWP algorithm, with EREP the UAV is moved
along a trajectory at the speed that minimizes the power
consumption, given by Eq. (2), without compromising the
network performance. The first step of the EREP algorithm
consists in determining the minimum SNRi that enables the
usage of a MCS index MCSi capable of accommodating the
traffic demand Ti bit/s offered by FAPi (line 1 of Alg. 1).
For that purpose, the relation between the SNR and the fair
share of the wireless channel capacity is considered, following
the rationale proposed in [6]. The fair share is defined as the
maximum capacity of the wireless link between each FAP and
the FCR UAV, and assumed to be equal to the data rate of
MCSi index over the number of FAPs sharing the medium.
The minimum SNRi required for using MCSi imposes a
minimum received power Pri . Then, considering a transmis-
sion power Pti , initially set to 0 dBm, EREP calculates the
maximum transmission range ri for FAPi for achieving the
minimum SNRi, as presented in Fig. 3 for FAP1 and FAP2
(line 2 of Alg. 1); we assume Pti is equal for all FAPs. In
the three-Dimensional (3D) space, ri represents the radius of
a sphere centered at FAPi. Next, EREP finds the volume
that results from the intersection of the spheres centered at
each FAP; the volume resulting from the intersection of the
spheres centered at two FAPs is illustrated in Fig. 3 (lines
4, 5, and 9 of Alg. 1). The intersection between the spheres
defines the volume inside which the FCR UAV can move
without compromising the QoS. If no intersection is found,
Pti is successively increased by 1 dBm (ri increases) until
an intersection between the spheres occurs (lines 6 and 7
of Alg. 1). Once an intersection volume is found, the alti-
tude corresponding to the highest area inside the intersection
volume is selected (line 12 of Alg. 1). A constant altitude
is defined, since changes in the UAV altitude imply higher
power consumption [8]. The centroid of that area is the optimal
position, where all possible trajectories for the FCR UAV
must pass through (line 13 of Alg. 1). The next step consists
in defining the waypoints for the possible trajectories. EREP
computes three possible trajectories and five waypoints for
each trajectory. An example of the three trajectories computed
is given in Fig. 4. For the first trajectory (Fig. 4 (a)), apart
from the centroid, the waypoints are defined as the points in
the intersection area with the highest and lowest values of x in
both extremes of the y-axis (line 14 of Alg. 1). For the second
trajectory (Fig. 4 (b)), the waypoints are defined as the points
in the intersection area with the highest and lowest values of y
in both extremes of the x-axis (line 15 of Alg. 1). For the third
trajectory (Fig. 4 (c)), the waypoints are defined as the four
extreme points in the area of intersection that have the same x
or y coordinate as the centroid (line 16 of Alg. 1). An example
of the waypoints forming a trajectory is depicted in Fig. 4. The
selected trajectory is the one that has the highest total sum
Fig. 3: Transmission range of each FAP.
of distances between successive waypoints (line 17 of Alg.
1), in order to maximize the time the FCR UAV is moving
at the speed consuming the lowest power. The trajectory is
defined by 5 waypoints: the centroid (Pc) and the edges of
the area (P1, P2, P3, and P4). The UAV starts in Pc and goes
to P1. Afterwards, it moves to P2 and then to P3 passing
through Pc. Before returning to Pc, the UAV passes through
P4. The UAV hovers for 1 s at each of the waypoints to invert
the movement direction. The 1 second hovering is used as
an approximation to the energy consumed during the change
of direction. This was considered in EREP because, to the
best of our knowledge, there is no model in the state of the
art available to characterize the energy consumption for this
action of the UAV.
Algorithm 1 Energy-aware RElay Positioning Algorithm
1: Set target SNR values for each FAP
2: Transmission range of each FAP . Using Friis model
3: IntersectionPoints=∅
4: while IntersectionPoints is empty do
5: Calculate Intersection
6: if No intersection is found then
7: Increase Pt for all FAPs by 1dBm
8: else
9: IntersectionPoints ← Intersection
10: end if
11: end while
12: DesiredAltitude ← Altitude with more points
13: Find the centroid
14: Define waypoints for the first trajectory
15: Define waypoints for the second trajectory
16: Define waypoints for the third trajectory
17: Selected Trajectory ← maximumDistance(first, second, third)
IV. SIMULATION
To perform the evaluation of the EREP algorithm, we de-
veloped a custom simulator in Python, named UAVPowerSim,
implementing the EREP algorithm and the power consumption
model presented in Eq. (2). The simulator is available in [9].
The simulator was used to evaluate the power consumption
when the FCR UAV moves along the trajectory defined by
EREP against the baseline – the FCR UAV hovering at Pc. The
4(a) (b)
(c) (d)
Fig. 4: Trajectory Examples.
physical attributes of the UAV and the environment constants
were the ones used in [7]. Those values correspond to the
UAV weight, W = 20N , rotor radius, R = 0.4 m, blade
angular velocity, Ω = 300 rad/s, incremental correction factor
to induced power, k = 0.1, profile drag coefficient, δ = 0.012,
ρ = 1.225 kg/m3, A = piR2 = 0.503m2, Utip , ΩR =
120m/s, d0 = 0.6, v0 =
√
W
2ρA = 4.03, s = 0.05,
Pb , δ8ρsAΩ3R3 ≈ 79.86, Pind , (1+k)W
3/2√
2ρA
≈ 88.63. For
these values, the speed that minimizes the power consumption
is V ≈ 10.2m/s.
Two scenarios were simulated. The first scenario consisted
of two FAPs generating 250 Mbit/s of traffic each; FAP1
was located at position (x1, y1, z1) = (0, 0, 0), in meters,
and FAP2 was located at position (x2, y2, z2) = (30, 10, 20).
According to the MCS indexes table [10], a minimum SNR of
29 dB is required to accommodate the traffic demand of 250
Mbit/s. In this scenario, according to the EREP algorithm,
the trajectory chosen was the one depicted in Fig. 4 (a).
A total energy consumption of 1192.7 J is obtained for the
trajectory defined by the EREP algorithm, against an energy
consumption of 1367.6 J if the UAV is always hovering.
Assuming that the FCR UAV can remain in operation for 30
minutes if it spends all the time hovering, by moving along
the trajectory defined by the EREP algorithm the FCR UAV
is able to remain in operation for approximately 34.4 minutes
(Fig. 5), which represents a gain of 15% in the UAV lifetime.
The second scenario considered 3 FAPs with heterogeneous
traffic demand: FAP1 at position (x1, y1, z1) = (0, 0, 0), gen-
erating 200 Mbit/s of traffic; FAP2 at position (x2, y2, z2) =
(30, 10, 20), generating 200 Mbit/s of traffic; FAP3 at position
(x3, y3, z3) = (10, 20, 10), generating 250 Mbit/s of traffic.
In this scenario the trajectory found by EREP was the one
depicted in Fig. 4 (d). When using EREP the UAV consumes
1140.5 J, while the energy consumed if it is hovering along
the same time period is 1297.8 J. Assuming again that the
FCR UAV can remain operational for a total of 30 minutes
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Fig. 5: Comparison of UAV lifetime.
while hovering, if the FCR UAV follows the trajectory dictated
by EREP it can remain operational for approximately 34.1
minutes (Fig. 5), which corresponds to a gain around 14% in
the UAV lifetime.
In general, the gain in the UAV lifetime achieved by EREP
depends on the volume of intersection between the spheres
centered at each FAP; the higher the volume the higher the
gain. However, it is important to note that EREP will always
increase the UAV lifetime.
V. CONCLUSIONS
This letter proposed an energy-aware relay positioning al-
gorithm (EREP) for an FCR UAV, with the goal of minimizing
the FCR UAV power consumption. The EREP algorithm
defines a trajectory to be completed by the FCR UAV, which is
accomplished at the speed that consumes minimum power. The
obtained simulation results show that the proposed algorithm
can achieve relevant gains in terms of UAV lifetime. As
future work, we will consider the improvement of the EREP
algorithm to other possible trajectories.
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